Since calculations on which dosimetric estimates are based often involve the photon fluence, it is necessary to have conversion coefficients that relate fluence to ambient and directional dose equivalents as a function of energy. In addition, conversion coefficients relating ambient dose equivalent to exposure and air kerma in free air are needed to show how to modify and recalibrate current instruments that were originally designed to measure these latter quantities.
Such conversion coefficients have been calculated by several authors. At the point in the ICRU sphere at which the dose equivalent is to be determined, the fluence and energy spectrum of the radiation differ from those of the incident radiation. They are calculated, usually by the Monte Carlo method, and are converted to kerma by multiplying by the energy-averaged mass-energy transfer coefficient.
The approximation is then usually made that absorbed dose is equal to kerma minus bremsstrahlung losses. This implies that secondary charged particles are in equilibrium with the primary radiation. When this approximation is not valid, as in the case of photons of energies greater than a few Me V, it is necessary to follow the secondary particles in the Monte Carlo simulation and keep track of where they deposit energy.
Various authors have evaluated these results, and various sets of conversion coefficients have been adopted by national and international organizations. The corresponding values in these sets differ by amounts that are well within the estimated uncertainties of the calculations (Cross, 1989) and that are small compared with typical errors in practical measurements of dose equivalent quantities. The values given in tables Al to A4 are derived from all currently available data.
When it is necessary to use values of conversion coefficients at energies not included in tables, a convenient method of interpolation is to fit the 22 tabulated values with an analytic function of energy, and this method has been used for several of the coefficients presented (see equations AA and A5). The method is particularly convenient when conversion coefficients must be averaged over a spectrum.
Because values of individual dose equivalents per unit fluence depend on the person irradiated and on the location of interest in the body, conversion coefficients for H (10) and H p (0.07) can not be uniquely specified. For calibrations or for calculating the dose equivalent to an individual, the values of H (10) and H (0.07) in a standard phantom represent-in~ the body Pshould be used. If this phantom is the ICRU sphere in an expanded field, the relevant quantities are H'(10) (for H p (10» and H'(0.07) (for H p (O.07». If the phantom chosen has a different geometry or is made of material that is not adequately tissue-equivalent (e.g., for calibrations as in Section 4.3), the relevant quantities are H p (10) or H p (0.07) in a tissue phantom having the same dimensions. Values of H p (0.07) in a tissue slab, for both photons of less than 15 ke V and beta rays, are essentially equal to those of H'(0.07) in the same radiation field.
Photon conversion coefficients for H p (10) and H p (0.07) in slab and cube phantoms of water and ICRU tissue have been calculated (Bartlett et al., 1989; Bohm and Grosswendt, 1989; Grosswendt, 1989 Grosswendt, , 1990 Grosswendt, , 1991 and measured (Will, 1989) , as well as the fraction of dose equivalent contributed by backscattering at the surface of a variety of phantoms (Grosswendt et al., 1988; Bartlett et al., 1989 Bartlett et al., , 1990 . Conversion coefficients for H p (10) in a 30 cm x 30 cm x 15 cm tissue slab phantom are given in Table A4 .
A.2 Conversion Coefficients for Monoenergetic Photons
Most calculations of ambient and directional dose equivalents relate these quantities initially to photon fluence. To relate these values to air kerma or to exposure, conversion coefficients between fluence and these two quantities are required. Ka' The 15-cm dimension is in the direction of the radiation (Grosswendt, 1991) . (Data for non-normal photon incidence are given in Figure A 
Hubbell's tables actually give values of the mass energy absorption coefficient,
Values of g, the fraction of initial secondary electron energy that is radiated as bremsstrahlung, are taken from Seltzer (1990) . This fraction is negligible for photons of energies below about 1.5 MeV. The resulting values of Ka/,p are shown in Table A1 .
A.2.2 Exposure
Exposure, X, is related to air kerma, K a , by
where W is the average energy spent by an electron to produce an ion pair and e is the electronic charge. Roux, 1987) . From the definition of the roentgen 4 as 2.58 x 10-4 C kg-1 (ICRU, 1980) , the exposure in roentgens is given by
where Ka is expressed in mGy. Combining equations (A1) and (A2) yields X ,p 160.22
8.76
Ilen
Exposure is measured under conditions of electronic equilibrium. For photon energies above about 3 MeV, the ranges of secondary electrons become a significant fraction of the photon attenuation lengths and the departure from equilibrium may be significant. Values of XI,p, calculated from equation (A3) are, therefore, given in Table A .1 only for energies up to 3 MeV.
A.2.3 Ambient Dose Equivalent
Values of H*(10)11j> , for incident parallel beams of monoenergetic photons from 10 keV to 10 MeV, have been obtained by Monte Carlo calculations (Kramer, 1979; Hohlfeld and Grosswendt, 1981; Williams etal., 1983; Nelson and Chilton, 1983; Dimbylow and Francis, 1983, 1984; Selbach et al., 1985) and confirmed at a few energies by experiments (Selbach et al., 1985; Francis, 1985) .
In many of these calculations, it has been assumed that, at 10 mm depth in the ICRU sphere, secondary electrons are in equilibrium with the primary photons and H*(10) equals tissue kerma minus bremsstrahlung losses. This is a good approximation for photon energies up to about 3 MeV. At higher energies, the equilibrium becomes increasingly incomplete but may be partly compensated by secondary electrons that originate in an accelerator target or in the air, and that accompany the incident photon beam. Some authors assume more complex relations for the degree of equilibrium and differences among results reported by various authors are partly due to these different assumptions.
Evaluated sets of conversion coefficients, H*(10)11j>, as a function of photon energy, have been given by Grosswendt et al. (1988 ), Wagner et al. (1985 and in ICRP Publication 51 (ICRP, 1987) . The first two sets were derived from all available results, weighted by using the estimated uncertainties, while the ICRP results are averages of only the values of Dimbylow and Francis (1984) shown in Table A2 . Values of H*(10)11j> can then be derived using the Ka11j> ratios of Table AI . At energies below 20 ke V, the tabulated values are derived by averaging the calculated values of Dimbylow and Francis (1984) , Williams et al. (1983) and Nelson and Chilton (1983) .
Values of H*(10)/X, obtained by combining the values of H*(10)IK a with Ka/X values from Table AI, are shown in Table A2 and Figure 3 .1.
A.2.4 Directional Dose Equivalent
Although H'(0.07) is intended to be used for weakly -penetrating radiation (usually beta radiation), conversion coefficients H'(0.07)11j> for more penetrating radiation may also be needed for applications with mixed beta-gamma radiation fields. The values of this quantity given in Table A2 are calculated for incidence normal to the plane of the detector and under the assumption that secondary electron equilibrium exists at a depth of 0.07 mm in tissue, which may not be achieved in practice.
The available data have been evaluated by Grosswendt et al. (1988 ), Wagner et al. (1985 and in ICRP Publication 51 (ICRP, 1987) 
where x = In(E1Eo)' Eo = 9.85 keV, a = 0.9505, b = 0.09432, c = 0.2302, d = 5.082 and g = -0.6997; H'(0.07)IK a is expressed in Sv Gy-l when E is expressed in ke V. Some values given by this function are shown in Table A2 . Values are not given at higher energies since the departure from electronic equilibrium becomes increasingly important. Values at energies below 10 ke V are given by the BCRU (1989) .
The directional response of a survey meter or personal dosimeter designed to measure H' (0.07,ex) is determined by measuring its readings for different angles of incidence, a, in a unidirectional field. To compare these readings to H' (O.07,a) , it is necessary to have the angular dependence of H' (0.07,ex) . This has been calculated by Grosswendt and Hohlfeld (1982) and their results, given for various photon energies as the quotient H'(0.07,a)IH'(0.07,0) , are shown in Figure AI . Similar directional data are required for H' (10,a) , the values of which may be used as an approximation to H p (10), in order to compare the measured angular variations of readings of personal dosimeters to the quantity H p (10) that they are intended to measure. Such values have been obtained by Monte Carlo calculations (Grosswendt and Hohlfeld, 1982; Selbach et al., 1985; Marshall et at., 1987) . The results of Grosswendt and Hohlfeld (1982) , given as the quotient H'(1O,a)IH*(10), are shown by the curves of Figure A. 2. For normal incidence, H*(10) has the same value as H'(10).
A.a Conversion Coefficients for Continuous

Photon Spectra
At photon energies below about 300 ke V, filtered x radiation is often used for calibrating radiation protection dosimeters and determining the energy dependence of their response. Conversion coefficients are, therefore, required for such photon spectra. Coefficients relating H*(10) and H'(0.07) to exposure and air kerma have been given by several authors (Grosswendt et aL, 1988; lIes, 1987; Thompson, 1989b; Peaple et at., 1989) , for a variety of filtered radiations, including many of those specified in ISO Standard 4037 (ISO, 1979) by the tube voltage and filtration. Table A .3 shows conversion coefficients for various ISO "wide spectrum", "narrow spectrum" and "low dose rate" series. Values for the "wide spectrum" and some of the "low dose rate" series are taken from Grosswendt et al., while values of H*(10)IK a and H'(O.07)IK a for the "narrow spectrum" and other "low dose rate" series are averages given by Thompson. With two exceptions, the results of these four groups of authors agree within ± 2% or better. All values were calculated under the assumption of secondary electron equilibrium at the point of interest.
A.4 Conversion Coefficients for Electrons
Although beta-ray or electron fluences are not usually measured, they are sometimes calculated and conversion coefficients relating fluence to H'(d) may then be required. For application to beta-ray problems, it is necessary to average values of H'(d)I1> for monoenergetic electrons over the beta spectrum involved.
There are relatively few calculations of H'(0.07)1cf>, H'(3)1cf> and H'(10)lcf> for electrons below 10 MeV. Figure A. 3 shows the variations of these three quantities with energy, for monoenergetic electrons (Rogers, 1984; Cross et at. 1991) . These values were obtained by Monte Carlo calculations of electrons incident normally on a plane slab of tissue or water. As mentioned previously, for electron energies up to a few MeV, a plane surface is an adequate approxi- et al., 1991) . (ICRP, 1987) , for the dose equivalent at 10 mm depth in a tissue slab, are in agreement with those of Figure A.3 . The angular response of a beta-ray instrument or dosimeter is usually determined by measuring the variation of reading when it is rotated in an approximately unidirectional beam. This variation is to be compared with that of H' (O.07,a) . The approximate variation of H'(0.07,0I.) is shown in Figure AA for parallel beams of monoenergetic electrons. (These values are actually calculated for a plane slab (Cross, 1988) .) As the angle increases, the dose contribution of electrons backscattered from the sphere increases, but so does the attenuation of the first 0.07 mm of tissue. The net dose equivalent usually increases at first but, at sufficiently large angles, attenuation predominates and the dose equivalent falls. For higher energies and at large angles, values for a sphere would be expected to be slightly larger than those calculated for a plane slab.
These distributions can be averaged over beta-ray spectra. Directional responses (relative to fluence) have been measured for extrapolation chambers that have 7 mg cm -2 windows, for three beta-ray emitters of widely varying energies -147Pm, 204TI and 90Sr_90y (Marshall et al., 1987; Christensen et al., 1988; Cross, 1988) . Because measurements by different authors were made with sources at various distances from the chamber, with and without flattening filters, and with sources of various dimensions, many of these results are not directly comparable. Typical results for sources at 15 cm (without flattening filters) are shown in Figure 3 .2. The source distance is important because the amount by which air scattering spreads the initial beta-ray directions depends on distance. This is illustrated in Figure 3 .3 which shows the angular variations of the reading of an extrapolation chamber for a point source of 90Sr_90y at various distances.
Thus, the measured variation of reading with incident direction, for even an ideal beta-ray dosimeter, will match H' (O.07,a) only in circumstances where the effects of air scattering on the radiation are unimportant.
